A novel method, which involves a nested PCR in a single closed tube, was developed for the sensitive detection of Erwinia amylovora in plant material. The external and internal primer pairs used had different annealing temperatures and directed the amplification of a specific DNA fragment from plasmid pEA29. The procedure involved two consecutive PCRs, the first of which was performed at a higher annealing temperature that allowed amplification only by the external primer pair. Using pure cultures of E. amylovora, the sensitivity of the nested PCR in one tube was similar to that of a standard nested PCR in two tubes. The specificity and sensitivity were greater than those of standard PCR procedures that used a single primer pair. The presence of inhibitors in plant material, very common in E. amylovora hosts, is overcome with this system in combination with a simple DNA extraction protocol because it eliminates many of the inhibitory compounds. In addition, it needs a very small sample volume (1 l of DNA extracted). With 83 samples of naturally infected material, this method achieved better results than any other PCR technique: standard PCR detected 55% of positive samples, two-tube nested PCR detected 71% of positive samples, and nested PCR in a single closed tube detected 78% of positive samples. When analyzing asymptomatic plant material, the number of positive samples detected by the developed nested PCR was also the highest, compared with the PCR protocols indicated previously (17, 20, and 25% of 251 samples analyzed, respectively). This method is proposed for the detection of endophytic and epiphytic populations of E. amylovora in epidemiological studies and for routine use in quarantine surveys, due to its high sensitivity, specificity, speed, and simplicity.
Erwinia amylovora, the causal agent of fire blight, is one of the most destructive plant-pathogenic bacteria, affecting different rosaceous species of economical importance (pear, apple, loquat, and several ornamental species). This pathogen moves from one geographical area to another in very diverse and effective ways (3, 7, 34, 40, 41, 44) and in the last 20 years has undergone a rapid spread to many countries around the world (35, 42; T. van der Zwet, Abstr. 8th Int. Workshop Fire Blight, p. 30, 1998) . E. amylovora can survive as an endophyte and an epiphyte (5, 8, 17) , and its systemic distribution in plants has been demonstrated (28, 36) . This has prompted in the last years an increasing interest for reliable and sensitive methods to analyze potentially infected but symptomless plant material, because the inadvertent introduction of infected plants to pathogen-free areas could result in the unstoppable spread of E. amylovora (10) . This in fact might have been the reason for some of the outbreaks in certain Mediterranean countries, which for many years have imported host plants from North European countries where the disease is present.
The already available methods (2, 6, 9, 11, 13, 14, 15, 18, 21, 23, 26, 27, 31, 35) allow reliable detection of the pathogen with a relatively good level of sensitivity in plant material with symptoms, but all have some drawbacks. Isolation takes several days and needs confirmation of the identity of the pathogen by other techniques (6, 15, 21) . Serological techniques are not sensitive enough, except the enrichment-enzyme-linked immunosorbent assay (ELISA) method (9) , although it requires 3 days to complete and the sensitivity could be affected by other bacteria present in the sample. PCR inhibitors, which are very common in fire blight hosts, present a serious drawback for conventional PCR techniques (13, 23, 27, 32) . Furthermore, the actual population of epiphytic and endophytic E. amylovora in symptomless plant material could be well below the detection levels of these techniques. The implementation of methodologies that overcome the above problems is therefore necessary. In countries affected by fire blight, such methods could help to improve the knowledge of the pathogen life cycle under their specific ecological conditions. Additionally, the availability of simple and sensitive protocols to analyze imported material and to perform quarantine surveys is crucial in those countries that are still free of the disease.
The rapidity and sensitivity of detection of this pathogen are desirable characteristics that have been met by the use of a nested-PCR procedure (27) . However, the introduction of a second amplification step, and the concomitant manipulation of the previously amplified material, could lead to a significant increase of false positives due to cross-contamination, making this approach too risky for routine analysis. A realistic alternative to avoid the manipulation of the PCR tubes between the first and second round of amplification is the nested PCR in one tube (25, 27, 29, 30) .
In this study, we describe the development of a nested PCR in a single closed tube which gives sensitivity levels equal to or higher than those of previous detection methods and saves both time and reagents. This method greatly reduces the crosscontamination risks and, due to the low volume of sample used, is unaffected by the presence of PCR inhibitors. The application of this method to several host plants (apple, loquat, pear, quince, Cotoneaster spp., Crataegus spp., and Pyracantha spp.) and different plant material (flowers, buds, shoots, stems, fruits, and leaves) produced satisfactory results in all cases. Combined with an efficient DNA extraction protocol previously developed in our laboratory (22) , this procedure could be used as a rapid and sensitive technique for the routine detection of E. amylovora in plant material.
MATERIALS AND METHODS
Bacterial strains and sensitivity studies. The E. amylovora strains employed in this study and their origins are listed in Table 1 . The specificity tests were carried out with 71 E. amylovora strains, 24 strains from other plant pathogenic species (one Agrobacterium tumefaciens strain, one Agrobacterium vitis strain, one Brenneria nigrifluens strain, one Brenneria rubrifaciens strain, one Brenneria quercina strain, six Pectobacterium carotovorum subsp. carotovorum strains, one Pseudomonas corrugata strain, eight Pseudomonas syringae strains, one Pseudomonas savastanoi pv. savastanoi strain, one Ralstonia solanacearum strain, one Xylophilus ampelinus strain, and one Xanthomonas vesicatoria strain) and 16 strains of saprophytic bacteria isolated from fire blight hosts (5 identified as Pantoea agglomerans strains and 11 identified as Pseudomonas fluorescens strains). All the strains were grown on King's medium B (18) at 25°C for 48 h, and a suspension of each culture (ca. 10 8 CFU/ml) was prepared for the PCRs in sterile ultrapure water.
Serial dilutions ranging from 7 ϫ 10 7 to 7 CFU/ml were made from a concentrated suspension of E. amylovora strain PMV 6089 (mutant of strain CFBP 1430), and 5 l from each was used to compare the sensitivity of the different PCRs (Table 2) . Similar sensitivity assays were performed with bacterial suspensions added to pear, apple, and Pyracantha extracts obtained from comminuted shoots of greenhouse-grown plants in the buffer described by Gorris et al. (9) (phosphate-buffered saline [pH 7.2] with 2% polyvinylpyrrolidone 10, 1% mannitol, 10 mM ascorbic acid, and 10 mM reduced glutathione). The bacterial suspensions were mixed with the plant extracts to give a final concentration ranging from 5 ϫ 10 5 to 5 CFU/ml. Bacterial counts were in all cases confirmed by plating 50 l from each dilution in triplicate on King's medium B. With these samples, a simple DNA extraction protocol was used (22) . Briefly, 1 ml of sample was centrifuged at 10,000 ϫ g for 10 min. The pellet was resuspended in 500 l of extraction buffer (200 mM Tris-HCl [pH 7.5], 250 mM NaCl, 25 mM EDTA, 0.5% sodium dodecyl sulfate, 2% polyvinylpyrrolidone), vortexed, and left for 1 h at room temperature with continuous shaking. After centrifugation, 450 l of the supernatant was taken, mixed gently with 450 l of isopropanol, and left for 1 h at room temperature. The mixture was centrifuged, the supernatant was discarded, and the dried pellet was resuspended in 200 l of sterile water. Five microliters of DNA extract was used for standard PCRs (2, 11, 23, 27) and for the first round of the two-tube nested-PCR assay (27) , while 1 l was used for the nested PCR in a single closed tube. All the analyses were performed twice.
Naturally infected samples. From naturally infected plants, we selected 83 samples that included material from parts of the plants without symptoms as well as from organs showing fire blight symptoms (Table 3) . Also, 251 samples from symptomless pear, apple, loquat, quince, Pyracantha sp., Cotoneaster sp., and Crataegus sp. plants were obtained from different plots close to others with infected plants where an outbreak was detected, to monitor for potential dissemination of the pathogen (Table 4 ). The samples, consisting of flowers, buds, leaves, stems, and/or fruits, were prepared according to the European Plant Protection Organization (EPPO) methodology (6) for plants with symptoms using the buffer described previously (9) . For symptomless plants, the EPPO method for plants with symptoms was also followed. In all samples, isolation was performed according to the standard procedure (6) on King's medium B (18) and on selective CCT medium (15) . Enrichment-ELISA-double-antibody sandwich indirect (DASI) using specific monoclonal antibodies was assayed (9) after an enrichment step in King's medium B and in CCT medium (15, 18) , and the DNA was extracted as described above. Greenhouse plant material previously determined to be free of the bacterium was interspersed among the samples to monitor potential cross-contamination during sample preparation. Additionally, up to five negative controls were also placed among the sample tubes during PCR analysis. All the PCR analyses, including the DNA extraction from each sample, were repeated at least twice.
PCR design and comparison of amplifications. We have designed the nested PCR in a single closed tube considering primers previously described because they have shown a good sensitivity and specificity in this study and in our previous work. The criteria we used for selecting the external and internal primer pairs were (i) the external primer pair should amplify a fragment large enough to permit the design of an appropriate internal couple, (ii) annealing temperatures of the primer pairs should allow for the separation of both PCRs only by this parameter, and (iii) high sensitivity of the primers, to increase as much as possible the detection threshold of the nested PCR in one tube. The standard PCRs were performed as described by Bereswill et al. (2) , using primers A and B; by McManus and Jones (27) , using primers AJ75-AJ76; by Maes et al. (23) , using primers EAF-EAR; and by Guilford et al. (11) , using primers EA71-EA72. After some sensitivity assays, we choose as external primers those designed by McManus and Jones (27) , which were used at an annealing temperature of 72°C. We then designed as internal pair the primers PEANT1 (5Ј-TATCCCTAAAA ACCTCAGTGC-3Ј) and PEANT2 (5Ј-GCAACCTTGTGCCCTTTA-3Ј), which lie within 844 bases of the fragment from the 29-kb plasmid pEA amplified by the external pair (27) . Since PEANT1 and PEANT2 produced amplification products at 56°C but not at 72°C, it was thus possible to separate the activity of the internal and the external primer pairs by modifying the annealing temperature. PCRs were performed in a final volume of 50 l with the following reagents: 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 3 mM MgCl 2 , 3% (vol/vol) formamide, a 200 M concentration of each deoxynucleoside triphosphate, 0.03 pmol each of external primers AJ75 and AJ76 (27) , 10 pmol each of internal primers PEANT1 and PEANT2, and 3 U of Taq polymerase (Gibco BRL). The reaction conditions were a denaturation step of 94°C for 4 min followed by 25 cycles of 94°C for 30 s and 72°C for 1 min. This first round of PCR was followed in the same thermocycler by a second denaturation step of 94°C for 4 min and 40 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 45 s. The PCR products were visualized after electrophoresis on 1.5% agarose gels.
Restriction fragment length polymorphisms and sequencing. The restriction pattern of the amplification products obtained from the bacterial suspensions was examined with DraI and SmaI (Amersham/Pharmacia Biotech) to confirm their identity. The fragments amplified from strains CFBP 1430 and PVM 6089 with the primers designed by Bereswill et al. (2) were excised from the gel, purified using the Concert Nucleic Acid purification kit (Gibco BRL), and sequenced with the same primers. The resulting sequences were then compared to the corresponding sequence obtained from strain CA11 by McManus and Jones (27) (GenBank accession no. U19245) using the program CLUSTAL W, version 1.5 (39) .
RESULTS
Sensitivity and specificity tests. We compared the sensitivity of the nested PCR in a single closed-tube assay we developed with that of a two-tube nested PCR and other PCR procedures that used a single primer pair. The results of sensitivity assays performed with pure E. amylovora cultures are shown in Table  2 . The sensitivity of the nested PCR in a single closed tube and the two-tube nested assays was 7 ϫ 10 Ϫ1 CFU/ml, while in the best case it was possible to detect only 7 ϫ 10 cfu/ml with the standard PCR procedures. When the assays were carried out with plant extracts spiked with bacteria, the sensitivity levels of the nested procedures were slightly reduced, to 5 CFU/ml, although they were still 100 to 1,000 times more sensitive than the standard one-round PCR assays. For the sensitivity assays with plant material, we tested the effects of different amounts of sample volume, looking for a balance between minimum inhibitory effects of the extract on the PCR and the maximum sensitivity (data not shown). For the standard PCRs, the volume was 5 l, and for the two-tube nested PCR it was 5 l in the first round and 2 l in the second. For the nested PCR in a single closed tube, only 1 l of sample was necessary to obtain the strongest band signals.
The specificity of the procedure developed in this work was tested using pure cultures of 40 strains from 14 species of phytopathogenic and saprophytic bacteria. No unspecific banding was observed with any of the bacteria analyzed (data not shown), while all of the 71 E. amylovora strains examined produced a single amplification band (Table 1) . With only three of these strains the amplified fragment was 447 bp long, as predicted from the sequence obtained from strain CA11 (P. McManus and A. Jones, accession no. U19245) from which the primers were designed, while 63 strains produced 391-bp fragments and bands of intermediate size were amplified from 5 strains ( Table 1 ; Fig. 1 ). Nonetheless, digestion of the amplicons with DraI or SmaI in all cases produced two fragments whose sizes were as predicted or slightly smaller, supporting the identity of the amplified fragment. To investigate the reasons for the discrepancies in the size of the amplicons, we obtained the nucleotide sequence of the fragments amplified from strains CFBP 1430 and PMV 6089 (391 bp). Both sequences were identical and showed a deletion of 56 nucleotides with respect to the sequence from strain CA11, comprising seven 8-bp tandem repeats (GAATTACA) (Fig. 2) . Detection in naturally infected plant material. To test its suitability for routine analyses, the nested PCR in a single closed tube was compared to standard one-round and two-tube nested procedures (2, 23, 27) using naturally infected plant material. The primers proposed by Guilford et al. (11) were not included in this comparison due to their low sensitivity in bacterial cultures and spiked plant material ( Table 2) .
We first tested our method with material from plants naturally infected with E. amylovora. All of the PCR procedures tested detected E. amylovora in samples both with and without symptoms, although the nested procedure in a single closed tube allowed the detection of the pathogen in the largest number of samples: 65 positives out of 83 samples versus 46 positives in the best case with standard one-round PCRs and 59 for the nested PCR in two tubes (Table 3) . A further advantage of the nested PCR in a single closed tube is its greater specificity and thus a higher reliability for diagnosis, since no spurious bands were observed in any of the samples analyzed in this work. In contrast, using the standard PCR procedures we commonly observed the appearance of several unspecific amplification bands that hampered the interpretation of the results, as shown in Fig. 3 . The presence of the pathogen in the positive samples was confirmed by its isolation in culture medium and/or by enrichment-ELISA. The controls employed to monitor the reliability of the sample preparation and the PCRs were all negative.
Secondly, we tested the validity of our method for routine detection by assaying 251 samples from symptomless plants from areas where fire blight outbreaks were reported. The nested PCR in a single closed tube allowed the detection of the pathogen in 62 samples, the standard one-round PCRs allowed detection in 42 samples, and the two-tube nested PCR allowed detection in 51 samples (Table 4 ). The samples that were negative for E. amylovora with the single closed-tube method were also negative by the other PCR analysis. Three months after the analysis, six of the plants in which the pathogen was detected by the nested PCR in a single closed tube, but not by the other PCR procedures, developed typical fire blight symp- toms and the pathogen could be recovered from affected tissues. Fifty-three out of 62 of the positive samples obtained by the proposed method could be confirmed by other methods like isolation, enrichment-ELISA, and other PCR systems (Table 5), so only nine samples remained with no confirmation.
DISCUSSION
The importance of controlling the spread of the fire blight is well known in the United States, the European Community, and other countries (17, 42 ; van der Zwet, Abstr. 8th Int. Workshop Fire Blight). Recent outbreaks in several countries (10, 17; P. Battilani, L. Mazzoli, and U. Mazzuchi, Abstr. 8th Int. Workshop Fire Blight, p. 17, 1998) show how difficult the control of this disease is and how fast it spreads, even when different measures of control are taken (4, 12, 16, 20, 24, 38, 43 ; Battilani et al., Abstr. 8th Int. Workshop Fire Blight). In addition, no symptoms are observed in winter in deciduous species, and the surveys, made mainly by visual detection of typical lesions, are useless. Apparent healthy plants can carry latent infections (5, 8, 23, 43) , and from these E. amylovora could be distributed from nurseries to other parts of the country or other countries, where it will only take favorable conditions for symptoms to develop. As pointed out by other authors, in spite of being a very useful and sensitive technique, PCR is still seriously limited due to inhibition by different compounds (13, 23, 27, 32) . In fact, our experience in diagnosing fire blight has shown the importance of this problem, sometimes detecting fewer positive samples by the standard PCR technique than by plating or enrichment-ELISA (data not shown). The nested PCR in a single closed tube developed in this work solves the main drawbacks of this technique, since we overcome the problem of false-negative results by reducing the volume of sample used, thus avoiding plant inhibitors, and by minimizing sample manipulations, which drastically reduces the possibility of cross-contamination. The comparison of the two nested systems with symptomless samples shows the inhibitory effect of the plant material on the PCR. The slightly larger amount of sample volume employed in the two-tube nested procedure (5 l instead of 1 l) seems enough to affect the first round of PCR, and thus, the whole nested reaction. The results obtained in the sensitivity assays are concordant with what we expected from the nested technology (27) , the two nested systems being 100 to 1,000 times more sensitive than the standard PCR systems. The highest sensitivity of the nested PCR in a singleclosed tube, compared to the other PCR systems, was observed with asymptomatic material, with 62 positive samples versus 51 (two-tube nested PCR) and 42 (standard PCRs) ( Table 4) . In this assay, some of the samples that were positive by the nested PCR in a single closed tube were confirmed by other techniques, such as isolation, enrichment-ELISA, or other types of PCR (Table 5 . Thus, this system could be useful for monitoring the effectiveness of some of these methods. The amplification of plasmid sequences for detection of a given pathogen could produce misleading results if (i) plasmidless cells remain virulent or (ii) the plasmid is transferred to other bacterial species (1). Nevertheless, virulent E. amylovora strains without the plasmid have not been found in nature (1, 31) , and the transfer of the plasmid to other species or to other genera has not been reported. On the other hand, the advantages of using primers designed to amplify pEA29 sequences are a higher sensitivity and specificity.
The size of the amplified bands was variable in samples from plant material as well as from the E. amylovora collection strains analyzed. This can be explained by the variability in the number of 8-bp repeats in the amplified sequence, which has already been described (33) . This was confirmed by the comparison of the sequence from strain CA11 with those of strains CFBP 1430 and PMV 6089, which were used as positive controls. Previous works (1, 19, 27, 33) have reported the amplification of different sized fragments, rather than the 900 bp reported by Bereswill et al. (2) , from several strains from the United States and New Zealand (33) and from Europe (19) . Nevertheless, these small variations in the size of the amplicons do not compromise the validity of the one-tube nested system for detection. The use of two consecutive and specific amplification reactions greatly reduces the possibility of obtaining false positives, while making it possible to further confirm the identity of the amplified fragment by restriction analysis.
The combination of the nested PCR in a single closed tube with a simple and effective DNA extraction protocol that involves little handling and does not employ toxic compounds such as phenol or chloroform (22) has led to very high levels of sensitivity. The large number of species of naturally infected plant material tested and their different origins show that the method developed here can be of universal use for fire blight detection and epidemiological applications. The probability of contamination by amplicons under the system presented here is as low as that with standard PCRs, although the sensitivity is at least as good as that of the two-tube nested PCR, thus allowing the implementation of the one-tube nested approach for routine detection. As far as we know, this is the first development of such a methodology for the detection of a bacterial plant pathogen, and the features it presents could be applied to other plant-pathogenic bacteria. 
